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Introduction 


The  PTEN  gene  is  localized  on  chromosome  10q23  region,  a  locus  frequently  targeted  on  a 
variety  of  cancers  including  prostate  cancer  (Li  and  Sun,  1997;  Li  et  al.,  1997;  Steck  et  al.,  1997). 
Furthermore,  PTEN  heterozygous  mice  can  develop  prostate  hyperplasia  and  some  percentage  can 
develop  prostate  tumors  at  a  latter  age  (Di  Cristofano  et  al.,  1999;  Di  Cristofano  et  al.,  1998; 
Podsypanina  et  al.,  1999;  Suzuki  et  al.,  1998) .  Thus,  PTEN  is  a  tumor  suppressor  probably  involved 
on  prostate  cancer. 

The  tumor  suppressor  function  of  PTEN  has  been  linked  to  its  ability  to  act  as  a  lipid 
phosphatase  and  in  so  doing  antagonizing  the  phosphatidylinositol-3-kinase  (PI3K)  (Cantley  and 
Neel,  1999;  Ramaswamy  et  al.,  1999). 

The  purpose  of  this  research  proposal  is  to  find  modes  of  regulation  of  PTEN.  Specifically,  the 
goals  of  this  grant  are  to  identify  PTEN  phosphorylation  sites  and  test  whether  these  sites  play  a  role 
on  the  tumor  suppressor  function  of  PTEN. 

The  significance  of  this  studies  to  prostate  cancer  is  that  by  finding  modes  of  regulation  of  PTEN 
it  could  be  possible  to  undercover  another  deregulated  pathway  in  cancer  that  could  lead  to  PTEN 
deregulation  giving  the  same  deleterious  effects. 
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BODY 


In  the  research  proposal  there  were  three  aims  proposed: 

Aim  1.  Identification  of  PTEN  in  vivo  phosphorylation  sites. 

This  part  of  the  grant  has  been  completed  successfully.  The  phosphorylation  sites  were  mapped  by 

two  methods: 

1.  U20S  cells  were  transfected  with  a  construct  encoding  HA-PTEN;WT  or  C-terminus  deletion 
mutant  versions  of  this  construct,  cells  were  then  metabolically  labeled  with  -P  and  the 
phosphorylation  status  was  analyzed.  Using  this  method  most  of  the  phosphorylation  of  PTEN 
were  localized  on  the  last  50-aminoacids  (the  tail).  Within  the  tail,  alanine  substitution  of  two 
serine/threonine  clusters  were  made  and  its  phosphorylation  status  was  analyzed  using  the  same 
method.  The  cluster  of  serine/threonines  localized  between  residues  380  to  385  was  found  to  be 
phosphorylated.  Finally,  alanine  substitutions  of  this  cluster  combined  with  alanine  substitution 
of  serine  370  (see  bellow)  yielded  a  protein  that  lost  most  f  the  phosphorylation. 

2.  30  plates  of  pi  00  U20S  cells  were  transfected  with  a  plasmid  encoding  HA-PTEN.  PTEN  was 
immunoaffinity  purified  with  an  anti-HA  column.  The  protein  was  subsequently  runned  on  a 
acrylamide  gel  and  after  proteolytic  digestion  tryptic  peptides  were  analyzed  in  the  Harvard 
Microsequencing  facility  by  liquid  chromatography  coupled  with  tandem  mass  spectroscopy 
(LC/MSMS).  Using  this  method  69%  of  the  PTEN  protein  sequence  was  covered  and  serine  370 
was  found  to  be  phosphorylated.  The  last  tryptic  peptide  containing  the  380  serine/threonine 
cluster  was  not  recovered. 

Aim  2.  To  determine  whether  there  is  regulated  or  constitutive  phosphorylation  of  PTEN 

phosphoacceptor  sites. 

This  part  of  the  project  has  been  successfully  completed. 

1 .  In  order  to  pursue  this  aim  phospho-specific  antibodies  were  generated  against  phospho-serine 

370  and  against  phospho-serine  380.  The  following  peptides  were  synthesized  (pS370: 
CSVTPDVpSDNEPDHYR;  S370:  CS  VTPDVSDNEPDHYR,  pS380: 

CEPDHYRYpSDTTDSDP;  S380:  CEPDH YRYpSDTTD SDP) .  Phosphorylated  peptides  were 
used  to  immunize  rabbits.  Phosphorylated  and  unphosphorylated  peptides  were  coupled  to 
agarose  beads.  IgG  from  immune  sera  was  purified  on  protein  sepharose  beads,  cleared  over  the 
unphosphorylated  peptide  column  and  affinity  purified  on  the  phosphorylated  peptide. 

2.  The  specificity  of  the  antibodies  was  then  characterized.  U20S  cells  were  transfected  with 
PTEN;WT  or  the  A5  phosphosite  mutant  (alanine  substitutions  at  S370,  S380,  T382,  T383, 
S3 85).  The  phospho-specific  antibodies  were  able  to  detect  PTEN;WT  but  not  PTEN;A5.  These 
results  confirmed  our  results  that  PTEN  is  phosphorylated  on  serine  370  and  serine  380  in  vivo 
and  showed  the  specificity  of  the  antibodies. 

3.  In  order  to  address  if  the  Tail  phosphorylation  was  regulated  or  constitutive.  ACHN  cells  were 
grown  in  different  conditions:  presence  or  absence  of  growth  factors,  suspension  or  adherent, 
confluent  or  subconfluent.  Protein  from  cells  was  then  isolated,  PTEN  was  immunoprecipitated 
using  a  monoclonal  antibody  and  then  western  blotted  with  the  phospho-specific  antibodies.  No 
differences  on  the  phosphorylation  status  were  found. 

Aim  3.  To  determine  the  functional  consequences  of  PTEN  phosphorylation. 

This  part  of  the  research  proposal  has  also  been  successfully  completed. 

1 .  A  series  of  alanine  substitutions  single  or  in  combination  of  the  PTEN  phosphorylation  sites 
were  made.  The  different  plasmids  were  transfected  in  7860  cells  and  the  half-life  of  the  different 
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PTEN  forms  were  analyzed.  The  results  demonstrated  that  phosphorylation  of  the  PTEN  tail 
makes  the  protein  more  stable. 

2.  Our  system  for  analyzing  PTEN  function  on  cell  proliferation  is  the  negative  PTEN  cell  line 
7860.  In  these  cells  PTEN  induces  a  G1  arrest  that  can  be  easily  detected  by  FACS  analysis  after 
transfection.  The  plasmids  encoding  the  different  forms  of  PTEN  were  transfected  in  7860  cells 
and  analyzed  for  its  effect  on  cell  cycle  progression.  Interestingly,  alanine  substitutions  were 
found  to  positively  regulate  PTEN  suggesting  that  the  tail  phosphorylation  plays  a  negative  role 
of  on  PTEN  function. 

3.  To  begin  to  understand  the  mechanism  by  which  phosphorylation  events  in  the  Tail  are 
transduced  into  changes  in  PTEN  activity  I  performed  protease-sesitivity  assays.  U20S  cells 
were  transfected  with  PTEN;WT  and  PTEN;A4  purified  by  immunoprecipitation  and  subjected 
to  partial  tryptic  digestion.  Mutation  of  the  phosphorylation  sites  resulted  in  an  increased 
accessibility  of  the  tryptic  sensitive  sites.  These  results  suggested  that  PTEN  undergoes  a 
conformational  change  when  phosphorylated  on  the  PTEN  Tail  residues. 

4.  PTEN  needs  to  be  recruited  to  the  membrane  to  perform  its  function.  We  postulated  that 
PTEN  when  recruited  to  the  membrane  might  be  part  of  a  multi-protein  complex  and  that  the 
conformational  change  in  PTEN  induced  by  phosphorylation  might  regulate  its  association  in 
such  a  complex.  To  test  this  hypothesis,  rat  liver  extracts  were  separated  by  gel  filtration  over  a 
sephacryl  S-300  column.  PTEN  was  found  in  two  different  peaks,  one  corresponding  to  a 
molecular  weight  greater  than  600Kda  while  the  other  eluted  with  a  molecular  weight  of  65Kda. 
However,  phosphorylated  PTEN  detected  with  the  phospho-specific  antibodies  detected  only  the 
low  molecular  weight  suggesting  the  phosphorylation  prevents  PTEN  from  forming  part  of  this 
complex. 

Next,  I  tested  if  phosphorylation  could  regulate  the  interaction  of  PTEN  with  one  of  its  known 
partners,  MAGI-2.  US02  cells  were  co-trasfected  with  plasmids  encoding  PTEN;  WT  or  PTEN;A4 
and  MAGI-2.  Extracts  were  immunoprecipitated  for  PTEN  and  western  blotted  for  MAGI-2. 
Mutation  of  the  Tail  phosphorylation  sites  resulted  a  marked  enhancement  of  MAGI-2  binding. 
Taken  together,  these  results  suggest  that  phosphorylation  of  the  PTEN  Tail  blocks  PTEN  binding  to 
MAGI-2. 


Training 

The  training  that  I  have  received  during  this  year  can  be  summarized  in  the  following: 

(a)  Seminars  presented  within  the  Dana-Farber  Cancer  Institute.  During  this  2  year  of 
training  I  have  presented  my  work  in  the  Cancer  Biology  Seminar  Series  where  the 
audience  involves  all  the  labs  within  the  institute.  I  have  also  presented  my  work  on  a 
more  specialized  joint  meetings  that  include  labs  that  are  experts  on  tumors  suppressors 
including  the  labs  of  Dr.  David  Livingston,  Dr.  William  Kaelin  and  others. 

(b)  Conferences  attended.  (1).  During  two  consecutive  years,  I  attended  the  Cohlrain  meeting 
held  annually  during  three  days  and  that  includes  experts  groups  on  tumor  suppressors 
from  the  Boston  area.  (2)  I  attended  to  the  Gordon  conference  on  Second  messengers  and 
protein  phosphorylation  where  the  presenters  where  experts  on  protein  phosphorylation 
and  on  phosphatases.  In  this  last  meeting  I  presented  a  poster.  (3)  I  attended  the  Cold 
Spring  Harbor  meeting  on  Tyrosine  phosphorylation  and  cell  signaling.  I  presented  my 
work  on  a  plenary  session. 

(c)  My  technical  skills  and  my  intellectual  knowledge  have  been  extensively  broaden  Under 
Dr.  Sellers  supervision  I  have  been  able  to  develop  new  techniques  and  to  trouble-shoot 
lab  protocols.  Also  we  have  been  able  to  discuss  the  project  on  a  daily  basis.  I  have  also 
followed  closely  the  cancer  research  field  and  prostate  cancer  in  particular. 
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Key  research  accomplishments 


•  Mapping  of  PTEN  phosphorylation  sites 

•  Generation  of  phospho-specific  antibodies 

•  Determination  that  the  phosphorylation  of  the  PTEN  Tail  are  not  regulated  by  serum, 
confluency  or  adhesion 

•  Determination  that  PTEN  Tail  phosphorylation  plays  an  important  role  on  protein  stability 

•  Determination  that  PTEN  Tail  phosphorylation  negatively  regulates  PTEN  function 

•  Determination  that  PTEN  forms  a  multiprotein  complex 

•  Determination  that  the  phosphosphorylation  of  the  Tail  prevents  PTEN  from  forming  part  of 
that  complex 

•  Determination  that  phosphorylation  of  the  Tail  negatively  regulates  binding  of  PTEN  to 
MAGI-2 


Reportable  outcomes 


•  Manuscripts: 

Vazquez,  F.,  Ramaswamy,  S.,  Nakamura,  N.,  and  Sellers,  W.  R.  (2000).  Phosphorylation  of 
the  PTEN  tail  regulates  protein  stability  and  function.  Mol  Cell  Biol  20,  5010-8 

Vazquez,  F.,  and  Sellers,  W.  R.  (2000).  The  PTEN  tumor  suppressor  protein:  an  antagonist  of 
phosphoinositide  3-  kinase  signaling.  Biochim  Biophys  Acta  1470,  M2 1-35 

Nakamura  N.,  Ramaswamy  R.,  Vazquez  F. ,  Signoretti  S.,  Loda  M.  and  Sellers  WR.  (2000). 
Forkhead  transcription  factors  are  critical  effectors  of  apoptosis  and  cell-cycle  arrest 
downstream  of  PTEN.  Mol  Cell  Biol  20,  8969-8982 


•  Presentations: 

Francisca  Vazquez.  Regulation  of  PTEN  by  phosphorylation.  Colhrain  meeting.  October 
1999. 

Francisca  Vazquez.  Phosphorylation-dependent  regulation  of  PTEN  function.  Colhrain 
meeting.  October  2000. 

Francisca  Vazquez,  Yuki  Takahashi,  Steve  R.  Grossman,  Noriaki  Nakamura,  David 
Livingston,  William  R.  Sellers.  Phosphorylation  of  the  PTEN  Tail  acts  as  a  inhibitory  swich 
by  preventing  its  interaction  with  PDZ-domain  containing  proteins.  Cold  Spring  Harbor.  May 
2001. 


•  Funding  applied  for  based  work  supported  by  this  award: 

R01  CA85912-01.  Functional  analysis  of  the  PTEN  Tumor  Suppressor  Protein 
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Conclusions 


The  conclusion  of  this  research  project  is 
that  PTEN  is  phosphorylated  on  the  tail  and 
that  this  phosphorylation  regulates  both  the 
protein  stability  and  the  activity  of  PTEN.  A 
model  is  proposed  were  PTEN  can  be  found  in 
two  different  forms;  (1)  phosphorylated  on  the 
tail,  in  a  more  ‘closed’  conformation  that 
makes  PTEN  to  be  more  stable  but  less  active 
form  and  (2)  unphosphorylated  on  the  tail,  in  a 
more  ‘open’  conformation  resulting  in  a  less 
stable  protein  but  more  active.  Phosphorylation 
of  the  Tail  will  prevent  PTEN  recruitment  to 
the  plasma  membrane  by  blocking  its 
interaction  with  PDZ  domain  containing 
proteins 

These  results  are  potentially  very  important  because  there  could  be  a  percentage  of  prostate 
tumors  that  have  not  lost  PTEN  protein  but  may  have  lost  its  regulation.  By  finding  the  pathway  that 
regulates  PTEN  we  may  be  able  to  detect,  and  potentially  treat,  the  “wrongly  regulated”  PTEN. 
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PTEN  acts  as  a  tumor  suppressor,  at  least  in  part,  by  antagonizing  phosphoinositide  3-kinase  (PI3K)/Akt 
signaling.  Here  we  show  that  Forkhead  transcription  factors  FKHRL1  and  FKHR,  substrates  of  the  Akt  kinase, 
are  aberrantly  localized  to  the  cytoplasm  and  cannot  activate  transcription  in  PTEN-deficient  cells.  Restora¬ 
tion  of  PTEN  function  restores  FKHR  to  the  nucleus  and  restores  transcriptional  activation.  Expression  of  a 
constitutively  active  form  of  FKHR  that  cannot  be  phosphorylated  by  Akt  produces  the  same  effect  as 
reconstitution  of  PTEN  on  PTEN-deficient  tumor  cells.  Specifically,  activated  FKHR  induces  apoptosis  in  cells 
that  undergo  PTEN-mediated  cell  death  and  induces  Gx  arrest  in  cells  that  undergo  PTEN-mediated  cell  cycle 
arrest.  Furthermore,  both  PTEN  and  constitutively  active  FKHR  induce  p27KIP1  protein  but  not  p21.  These 
data  suggest  that  Forkhead  transcription  factors  are  critical  effectors  of  PTEN-mediated  tumor  suppression. 


The  PTEN/MMAC/TEP-1  tumor  suppressor  gene  (hereafter 
referred  to  as  PTEN )  is  a  common  target  of  somatic  mutation 
in  a  number  of  malignancies  including  prostate  and  endome¬ 
trial  cancers,  glioblastoma,  and  melanoma  (6,  26, 34,  36,  38, 54, 
63,  67,  69,  73).  In  addition,  germ  line  mutations  in  the  PTEN 
gene  are  associated  with  the  development  of  Cowden  disease, 
an  inherited  hamartoma  syndrome  associated  with  an  elevated 
risk  of  breast  and  thyroid  cancers  (37,  45).  The  PTEN  protein 
product  (PTEN)  functions  as  both  a  protein  and  lipid  phos¬ 
phatase  (39,  44).  The  former  activity  is  associated  with  inhibi¬ 
tion  of  cell  spreading  and  dephosphorylation  of  focal  adhesion 
kinase  (65).  PTEN  lipid  phosphatase  activity  is  specific  for 
the  3  position  of  phosphatidylinositol-3,4,5-trisphosphate  and 
phosphatidylinositol-3,4-bisphosphate,  both  of  which  are  by¬ 
products  of  the  lipid  kinase  activity  of  the  phosphoinositide 
3-kinase  (PI3K)  (39).  This  latter  PTEN  activity  is  associated 
with  the  ability  of  PTEN  to  antagonize  signaling  through  the 
PI3K  pathway  and  hence  to  block  inappropriate  activation  of 
the  serine  threonine  kinase  Akt  (reviewed  in  references  7  and 

7i). 

Reintroduction  of  PTEN  into  certain  PTEN-null  tumor 
cells,  such  as  U87-MG  and  786-0,  leads  to  the  induction  of  a 
Gx  arrest  (21,  33,  53).  This  arrest  requires  the  lipid  phospha¬ 
tase  activity  of  PTEN  and  can  be  overridden  by  a  constitutively 
active  form  of  the  Akt,  a  downstream  effector  of  PI3K  (21, 53). 
In  keeping  with  these  data,  PTEN  heterozygosity  results  in 
excessive  proliferation  in  murine  prostate  and  thyroid  tissues; 
PTEN~!~  embryos  have  widespread  excess  bromodeoxyuri- 
dine  incorporation,  and  PTEN~f~  embryonic  stem  ES  cells 
show  abnormal  cell  cycle  kinetics  and  reduced  p27KIP1  (p27) 
levels  (19,  62,  64).  These  data  demonstrate  a  necessary  role  for 
PTEN  in  cell  cycle  regulation. 

Introduction  of  PTEN  into  certain  other  PTEN-null  tumor 
cells  such  as  LNCaP,  MDA-MB-468,  and  U251  results  in  the 
induction  of  apoptosis  or  anoikis  (14,  15,  35,  43).  This  induc¬ 
tion  is  also  tied  to  inhibition  of  PI3K  and  Akt  (35, 43).  Further, 
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the  study  of  murine  PTEN  loss-of-function  alleles  has  revealed 
defects  in  apoptosis.  PTEN~f~  murine  fibroblasts  are  impaired 
in  their  response  to  apoptotic  stimuli  such  as  UV  irradiation 
and  osmotic  stress  (62).  PTEN+/~  mice  have  abnormal  lym¬ 
phoid  aggregates,  and  lymphocytes  from  these  mice  have  re¬ 
duced  annexin  V  staining,  a  marker  of  apoptosis  (52).  Finally, 
PTEN+/~  mice  also  develop  a  lymphoproliferative  syndrome 
that  results  from,  and  phenocopies,  defects  in  Fas  signaling 
(18).  Collectively,  these  data  support  a  necessary  role  for 
PTEN  in  mediating  apoptosis  in  fibroblasts  and  lymphocytes. 
PTEN,  like  p53,  is  therefore  a  regulator  of  both  cell  cycle 
progression  and  apoptosis. 

Potential  effectors  of  PI3K  signaling,  downstream  of  PTEN, 
include  a  number  of  identified  Akt  substrates  such  as  BAD, 
caspase  9,  IKKa,  and  the  Forkhead  transcription  factors 
FKHR,  FKHRL1,  and  AFX  (4,  5,  8,  13,  31,  48,  66).  Each  of 
these  substrates  is  implicated  in  cell  survival.  Other  down¬ 
stream  targets  of  Akt  include  nitric  oxide  synthetase,  GSK3, 
and  4E-BPl/Phas-I  (12,  24, 41).  While  each  of  these  proteins  is 
a  known  Akt  substrate,  with  respect  to  the  function  of  PTEN  as 
a  tumor  suppressor  it  is  not  known  which  substrates  are  nec¬ 
essary  and/or  sufficient  for  enacting  cell  cycle  control  or  for 
inducting  apoptosis.  One  possibility  is  that  different  Akt  sub¬ 
strates  are  responsible  for  enacting  cell  cycle  control  and  reg¬ 
ulating  apoptosis.  Alternatively,  it  is  possible  that  one  Akt  tar¬ 
get  might  be  critical  for  both  functions.  Therefore,  we  sought 
to  determine  whether  one  or  more  of  these  substrates  was 
deregulated  in  PTEN-null  tumors  and,  in  addition,  to  deter¬ 
mine  whether  any  one  target  was  either  necessary  or  sufficient 
for  PTEN  to  regulate  the  cell  cycle  or  to  induce  apoptosis. 

Here  we  show  for  the  first  time  that  members  of  the  fork- 
head  transcription  factor  family  are  deregulated  and  inactive  in 
PTEN  null  cells.  Furthermore,  a  form  of  the  Forkhead  factor 
FKHR  (FKHR;  AAA)  that  cannot  be  phosphorylated  by  Akt  is 
sufficient  to  induce  apoptosis  in  PTEN-null  cells.  In  addition, 
this  constitutively  active  form  of  FKHR  induced  a  cell  cycle 
arrest  rather  than  apoptosis  in  PTEN-null  cells  that  likewise 
undergo  a  Gx  arrest  following  restoration  of  PTEN  function. 
As  shown  before  for  PTEN,  the  phosphosite  mutant  form  of 
FKHR  was  also  capable  of  inducing  p27  and  not  p21.  These 
data  suggest  that  an  active  form  of  FKHR  can  complement 
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PTEN  deficiency  in  both  the  cell  cycle  and  apoptotic  pathways 
and  suggest  that  FKHR  may  function  as  regulator  of  both 
proliferation  and  cell  survival  in  the  PI3K  signaling  pathway. 
These  results  further  suggest  that  FKHR  or  its  related  family 
members  AFX  and  FKHRL1  are  critical  proteins  downstream 
of  PTEN  and  that  restoration  of  forkhead  function  might  sup¬ 
press  tumorigenesis  in  PTEN- deficient  tumor  cells. 


MATERIALS  AND  METHODS 

Plasmids.  pCD19,  pSG5L,  pSG5L-HA-PTEN,  pSG5L-HA-PTEN;G129R, 
pSG5L-HA-PTEN;Gl 29E,  pSG5L-HA-PTEN;  1-353,  pBABE-puroL,  pBABE- 
puroL-HA-PTEN;  pBABE-puroL-HA-PTEN;G129R  and  pGL3-promoter  (Pro- 
mega)  were  described  previously  (53,  57,  68).  pcDNA3-Flag-FKHR,  pcDNA3- 
FIag-FKHR;H215,  pcDNA3-Flag-FKHR;AAA,  and  pGL2promoter-3XlRS 
were  gifts  of  E.  Tang,  F.  Barr,  and  K.  Guan  (66).  The  inserts  from  pcDNA3- 
Flag-FKHR  or  the  mutant  derivatives,  restricted  with  BamHl  and  Xbal,  were 
ligated  to  the  vector  from  similarly  restricted  pcDNA3-GFP  to  give  pcDNA3- 
GFP-FKHR,  pcDNA3-GFP-FKHR;H215R  and  pcDNA3-GFP-FKHR;AAA. 
Oligonucleotides  5'-GCGCGGATCCATGGCCGAGGCGCCTCAGGTG-3' 
and  5'-CGCGCTCGAGGAATTCTCAGCCTGACACCCAGCTATG-3'  were 
used  to  PCR  amplify  the  FKHR  cDNAs.  The  PCR  products,  restricted  with 
BamHl  and  Xhol,  were  ligated  to  similarly  restricted  pBABE-puroL  to  give 
pBABE-puroL-FKHR,  pBABE-puroL-FKHR;H215R,  and  pBABE-puroL- 
FKHR;AAA.  Oligonucleotides  5 '  -GCGCGCTAGCGTGACAGAGTG  AG  ACT 
CTGTCTCTATTTAAATAAATAAGTAAATAAATAAAC-3 '  and  5'-GGGG 
AGATCTGCTTTGTATTTCACAATGTTTTCATTTTCATTGTTTGCCCAG 
TTTATTTATTT-3 ' ,  containing  the  forkhead  site  of  the  FasL  promoter,  were 
phosphorylated,  annealed,  and  ligated  to  pGL3-promoter  restricted  with  Bglll 
and  Nhe I  to  give  pGL3-promoter-FasL.  This  plasmid  was  subsequently  restricted 
with  Bglll  and  Hindlll,  blunted,  and  ligated  to  remove  the  simian  virus  40 
promoter  and  give  pGL3-FasL.  pAdTrack-CMV  and  pAdEasy-1  were  the  gifts  of 
B.  Vogelstein  and  K.  Polyak  (28).  The  insert  from  pcDNA3-Flag-FKHR;AAA 
liberated  by  restriction  with  Xbal  and  partial  digestion  with  Hind  III  was  ligated 
to  similarly  restricted  pAdTrack-CMV  vector  to  give  pAd-FKHR;AAA. 

Cell  lines,  cell  culture,  transfection,  and  MTS  assay.  LNCaP  cells  were  main¬ 
tained  at  37°C  in  a  humidified  5%  C02  atmosphere  in  RPMI  1640  containing 
10%  fetal  calf  serum  (FCS)  (HyClone),  penicillin  and  streptomycin  (PS),  2.5  g  of 
glucose  per  liter,  10  mM  HEPES,  1  mM  sodium  pyruvate,  and  2  mM  L-glu- 
tamine.  DU-145  cells  were  maintained  at  37°C  in  a  humidified  10%  C02  atmo¬ 
sphere  in  Dulbecco’s  modified  Eagle’s  medium  containing  10%  FCS  and  PS. 
ACHN,  786-0,  and  U2-OS  cells  were  maintained  as  previously  described  (53). 
Phoenix-ampho  (<f>X-A)  cells  were  maintained  at  37°C  in  a  humidified  10%  C02 
atmosphere  in  Dulbecco’s  modified  Eagle’s  medium  containing  10%  FCS  and 
PS.  786-0  cells  were  transfected  using  Fugene  reagent  (Boehringer  Mannheim) 
as  previously  described  (70).  U2-OS,  ACHN,  and  cj)X-A  cells  were  transfected  by 
the  A/,AT-bis-(2-hydroxyethyl)-2-aminoethanesuIfuric  acid-buffered  saline  (BBS)- 
calcium  phosphate  method  as  previously  described  (10,  57). 

LNCaP  and  786-0  cell  viability  was  assayed  using  the  Cell  Titer  96  aqueous 
nonradioactive  cell  proliferation  assay  (Promega)  as  specified  by  the  manufac¬ 
turer.  Briefly,  cells  were  detached  with  trypsin  and  collected  in  10  ml  of  complete 
medium.  A  100-julI  volume  of  cells  was  aliquoted  in  triplicate  into  96-well  plates. 
Then  20  pi  of  a  1:20  dilution  of  phenazine  methosulfate  in  3-(4,5-dimethyIthia- 
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2//-tetrazolium,  inner 
salt  (MTS),  reagent  was  added  to  each  well.  The  plates  were  incubated  at  37°C 
in  10%  C02  for  15  min.  Formazan  product  was  detected  by  measuring  the  ab¬ 
sorbance  at  490  nm. 

Antibodies,  immunoblotting,  protein  extraction,  cell  fractionation.  Anti-PTEN 
(C54)  (53),  anti-HA  (BabCo),  anti-FKHRLl,  anti-phospho-FKHRLl  (Upstate  Bio¬ 
technology),  anti-GSK3  (New  England  Biolabs  [NEB]),  anti-phospho-GSK3  (NEB), 
anti-phospho-Akt  (NEB),  anti-Akt  (NEB),  anti-p27  (Transduction  Laboratories), 
anti-p70S6K  (Santa  Cruz  Biotechnology),  and  245  anti-RB  (Pharmingen)  antibodies 
were  used  at  a  dilution  of  1:1,000.  M5  anti-flag  antibody  (Sigma)  was  used  at  10  pg/ 
ml.  Anti-p21  antibody  (Transduction  Laboratories)  was  used  at  1:500.  Anti-tubulin 
antibody  (ICN)  was  used  at  1:2,000.  Anti-glyceraldehyde-3-phosphate  dehydroge¬ 
nase  (GAPDH)  (Biodesign  International)  was  used  at  1:5,000. 

Cell  lysates  were  prepared  and  immunoblot  analyses  were  performed  as  pre¬ 
viously  described  (70). 

786-0  and  ACHN  cells  were  fractionated  by  swelling  for  10  min  in  RBS  buffer 
(10  mM  HEPES  [pH  7.2],  10  mM  NaCl,  1.5  mM  MgCl2)  containing  5  pg  of 
leupeptin  per  ml,  2  pg  of  aprotinin  per  ml,  50  pg  of  phenylmethylsulfonyl 
fluoride  per  ml,  5  mM  NaF,  and  0.5  mM  sodium  orthovanadate.  The  cells  were 
disrupted  by  60  (786-0)  or  10  (ACHN)  manual  strokes  of  a  Dounce  homoge- 
nizer.  Nuclei  were  pelleted  by  centrifugation  at  2,700  rpm  for  5  min,  washed 
three  times  in  RBS  buffer,  and  lysed  in  RIPA  buffer  (10  mM  NaP04,  150  mM 
NaCl,  1%  NP-40, 0.1%  deoxycholate,  0.1%  sodium  dodecyl  sulfate).  Cytoplasmic 
proteins  were  precipitated  with  10%  trichloroacetic  acid,  washed  with  80% 
acetone,  washed  with  double-distilled  H20,  and  solubilized  in  lx  protein  sample 
buffer. 


FACS  and  cell  cycle  analysis.  Cell  cycle  analysis  was  performed  as  previously 
described  (57,  70).  Briefly,  786-0  cells  grown  on  plOO  plates  were  transfected 
with  4  pg  of  pCD19  plasmid  and  the  amounts  of  either  pSG5  or  pcDNA3 
expression  plasmid  indicated  in  the  figure  legends.  At  48  h  after  transfection,  the 
cells  were  harvested,  stained  with  fluorescein  isothiocyanate-conjugated  anti- 
CD  19  antibody  and  propidium  iodide,  and  analyzed  by  two-color  fluorescence- 
activated  cell  sorting  (FACS)  (Beckton-Dickinson). 

Retrovirus  production  and  infection.  Amphotrophic  retroviral  supernatants 
were  produced  as  previously  described  (51).  Briefly,  cf>X-A  cells,  split  1:4  the 
previous  day,  were  transfected  with  25  pg  of  the  indicated  pBABEpuroL  plasmid 
DNA.  After  16  h  the  medium  was  changed  and  the  cells  were  incubated  in  a  10% 
C02  incubator  for  48  h.  The  medium  was  harvested  and  stored  at  — 70°C  until 
needed.  786-0  and  LNCaP  cells  were  incubated  with  5  ml  of  thawed  viral 
supernatant  containing  5  pg  of  Polybrene  (hexadimethine  bromide)  (Sigma 
H9268)  per  ml  and  incubated  at  37°C  for  4  h.  A  5-ml  volume  of  complete 
medium  was  added,  and  the  cells  were  maintained  for  40  h  under  standard 
growth  conditions,  after  which  the  medium  was  changed  to  complete  medium 
supplemented  with  2  pg  of  puromycin  per  ml.  Drug-resistant  cells  were  selected 
and  harvested  after  72  h.  Typically,  85%  of  the  LNCaP  or  786-0  cells  infected 
with  the  pBABE-puroL  retrovirus  were  drug  resistant. 

Adenovirus  production  and  infection.  Recombinant  FKHR;AAA  adenovirus 
was  generated  as  previously  described  (28).  Briefly,  pAdTrack-CMV  and  pAd- 
FKHR;AAA  were  linearized  and  individually  cotransformed  into  electrocompe- 
tent  BJ5183  cells  (Quantum  Biotechnologies)  along  with  pAdEasy-1.  Next,  re¬ 
combinant  adenovirus  DNA,  isolated  from  kanamycin-resistant  colonies,  was 
amplified  in  Top  10  cells  (Invitrogen),  purified  by  CsCl2  density  gradient  centrif¬ 
ugation,  linearized  with  Pad,  and  transfected  into  293  cells  with  Lipofectamine 
(Life  Technologies).  After  7  to  10  days,  packaged  virus  was  collected  and  used  to 
infect  20  pl50  plates  of  293  cells.  The  amplified  virus  was  isolated  by  freeze-thaw 
extraction,  purified  by  CsCl2  density  gradient  centrifugation,  and  subjected  to 
titer  determination  by  lysis  of  293  cells.  LNCaP  and  786-0  cells  were  infected 
with  Ad-vector  at  a  multiplicity  of  infection  of  50  and  with  Ad-FKHR;AAA  at  a 
multiplicity  of  infection  of  100. 

Reporter  assays.  Transfections  for  reporter  assays  were  carried  out  in  6-  or 
24-well  plates.  At  36  h  after  transfection,  cells  were  lysed  in  lx  reporter  lysis 
buffer  as  specified  by  the  manufacturer  (Promega).  Cleared  lysates  were  used  in 
luciferase  and  0-galactosidase  assays  as  described  previously  (57).  Relative  light 
units  were  normalized  to  p-galactosidase  activity.  The  fold  activation  was  ob¬ 
tained  by  dividing  corrected  luciferase  values  by  the  corrected  luciferase  value 
obtained  in  the  presence  of  the  vector  and  reporter  plasmids  alone. 

Real-time  quantitative  PCR.  RNA  was  prepared  using  the  RNeasy  RNA 
isolation  kit  (Qiagen)  as  specified  by  the  manufacturer,  including  DNase  treat¬ 
ment.  Total  RNA  (1  pg)  was  reverse  transcribed  at  42°C  for  45  min  in  a  20- pi 
reaction  mixture  containing  250  pM  each  deoxynucleoside  triphosphate,  20  U  of 
RNase  inhibitor,  50  U  of  murine  leukemia  virus  reverse  transcriptase  (RT),  2.5 
pM  random  hexamers,  and  lx  RT  buffer  (1.5  mM  MgCl2)  and  then  denatured 
at  99°C  for  5  min.  An  RT-minus  reaction  was  also  performed  for  each  sample. 
Specific  primers  and  fluorogenic  probe  for  human  p27  (Fw,  5'-GCAATGCGC 
AGG AATAAGG A-3 ' ;  Rev,  5 ' -TCCACAGAACCGGCATTTG -3 ' ;  probe,  5'-C 
G  ACCTG  CAAC  CG  AC  GAT  1 C 1 1 CT ACT  C  A-3 ' )  were  designed  using  Primer 
Express  1.0  software.  Amplification  of  the  GAPDH  gene  was  used  to  standardize 
the  amount  of  RNA  in  each  reaction  mixture  (Taqman  GAPDH  control  re¬ 
agents).  PCR  was  performed  using  an  ABI  Prism  7700  sequence  detector.  The 
Taqman  PCR  core  reagent  kit  was  used  as  specified  by  the  manufacturer  with 
the  following  modifications:  dUTP  was  replaced  by  dTTP  and  incubation  with 
AmpErase  was  omitted.  PCR  mixtures  each  contained  1  pi  of  cDNA  (equivalent 
o  50  ng  of  template  RNA),  2.5  U  of  AmpliTaq  Gold,  and  100  nM  (each) 
oligonucleotide  primers  and  fluorogenic  probe  in  a  volume  of  50  pi.  Ampli¬ 
fications  consisted  of  60  cycles  of  94°C  for  45  s,  58°C  for  45  s,  and  72°C  for  1 
min.  All  reagents  for  real-time  PCR  were  purchased  from  Perkin-Elmer 
Applied  Biosystems. 

In  each  experiment,  additional  reactions  with  seven  serial  twofold  dilutions  of 
786-0  cDNA  as  template  were  performed  with  each  set  of  primers  and  probes  on 
the  same  96-well  plate  to  generate  standard  curves,  which  related  the  threshold 
cycle  ( CT )  to  the  log  input  amount  of  template.  All  samples  were  amplified  in 
triplicate.  The  relative  amount  of  p27  transcripts  in  each  sample  was  determined 
by  using  the  standard-curve  method  and  by  normalizing  for  GAPDH  mRNA 
expression  levels,  as  previously  described  (20;  Applied  Biosystems,  ABI  Prism 
7700  Sequence  Detection  System  User  Bulletin,  vol.  2,  p.  1-35,  1997). 

Protein  half-life  determination  by  cycloheximide  treatment.  At  20  h  after 
adenovirus  infection,  786-0  cells  were  treated  with  25  pg  of  cycloheximide  per 
ml.  At  the  indicated  times,  the  cells  were  washed,  scrape  harvested  into  500  pi  of 
phosphate-buffered  saline,  pelleted  by  centrifugation  at  400  x  g  for  5  min,  and 
stored  at  -70°C.  Cell  extracts  were  prepared  as  described  above  and  immuno- 
blotted  with  the  indicated  antibodies.  Multiple  exposures  were  obtained  and  then 
digitized  using  a  Scanmaker  III  flatbed  scanner.  The  resulting  immunoblot  sig¬ 
nals  were  quantified  using  ImageQuant  software  (Molecular  Dynamics).  Only 
radiographs  where  the  peak  quantification  showed  nonsaturating  signals  were 
used.  The  half-life  was  calculated  from  exponential  curve  fits  to  the  data  plotted 
in  log-linear  fashion,  as  previously  described  (70). 
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FIG.  1.  Immunoblot  detection  of  Akt  substrates  in  PTEN-nuII  cells.  Whole¬ 
cell  extracts  were  prepared  from  the  indicated  serum-starved  or  serum-stimu¬ 
lated  cells  and  separated  by  gel  electrophoresis.  Separated  proteins  were  trans¬ 
ferred  to  nitrocellulose.  Membranes  were  incubated  with  the  indicated  immune 
reagents,  and  bound  antibody  was  detected  by  enhanced  chemiluminescence.  For 
GSK3,  serum  stimulation  was  carried  out  for  10  min,  while  for  the  remaining 
blots,  the  cells  were  stimulated  for  90  min.  In  certain  instances  the  lane  order  was 
change  for  clarity. 


RESULTS 

FKHRL1  protein  levels  and  phosphorylation  are  deregulat¬ 
ed  in  the  absence  of  PTEN.  A  survey  of  the  activation  state  of 
downstream  targets  of  Akt  was  undertaken  using  antibodies 
against  specific  phosphopeptides.  Two  pairs  of  cell  lines  were 
used,  ACHN  and  786-0  renal  carcinoma  cells  and  DU145  and 
LNCaP  prostate  carcinoma  cells.  ACHN  and  DU145  both 
retain  wild-type  PTEN  alleles  and  express  an  intact  PTEN 
protein,  while  786-0  and  LNCaP  cells  fail  to  express  any  full- 
length  PTEN  protein  (53)  (Fig.  1).  Whole-cell  extracts  were 
prepared  from  serum-starved  cells  or  from  starved  cells  that 
were  stimulated  with  serum.  As  previously  shown,  in  these 
PTEN~!~  cells  the  phosphorylated  and  activated  form  of  Akt  is 
overabundant  (53)  (Fig.  1).  Extracts  were  immunoblotted  with 
antibodies  that  detect  phosphorylation  of  GSK3  and  FKHRL1. 
In  the  absence  of  serum,  deregulation  of  GSK3-a  phosphor¬ 
ylation  was  noted  in  the  two  PTEN-null  cell  lines  (Fig.  1). 
Immunoblotting  also  demonstrated  a  marked  increase  in  phos¬ 
phorylated  FKHRL1  in  the  PTEN-null  cell  lines;  however, 
the  total  amount  of  FKHRL1  was  also  elevated  in  these  cells. 
While  both  endogenous  AFX  and  FKHR  were  detected  in 
all  of  these  cells  (data  not  shown),  phosphospecific  antibod¬ 
ies  were,  in  our  hands,  incapable  of  recognizing  endogenous 
phosphorylated  AFX  or  FKHR.  In  contrast  to  the  results 
obtained  with  FKHRL1  and  GSK3,  phosphorylated  Bad  was 
not  detected  in  these  cells  and  p7(r6K  was  not  consistently 
hyperphosphorylated  in  a  manner  that  reflected  the  loss  of 
PTEN  (Fig.  1  and  data  not  shown). 


FKHR  localization  is  constitutively  cytoplasmic  in  PTEN_/” 
cells.  Previous  data  showed  that  Akt-dependent  inhibition  of 
FKHR  or  FKHRL1  is  mediated,  at  least  in  part,  by  phosphor¬ 
ylation-dependent  localization  of  these  transcription  factors  to 
the  cytoplasm  (4,  5).  These  considerations  and  the  data  in  Fig. 
1  led  us  to  ask  whether  Forkhead  factors  might  be  aberrantly 
localized  in  PTEN-null  cells.  To  this  end,  786-0  and  ACHN 
cells  were  fractionated  into  cytoplasmic  and  nuclear  fractions. 
Anti-FKHRLl  immunoblotting  demonstrated  that  FKHRL1 
was  indeed  cytoplasmic  in  PTEN-null  786-0  cells  while  it  was 
primarily  localized  to  the  nucleus  in  ACHN  cells  (Fig.  2C).  As 
controls  for  fractionation,  immunoblotting  demonstrated  that 
p-tubulin  was  found  in  the  cytoplasm  and  the  retinoblastoma 
protein  (pRB)  was  found  in  the  nucleus  (Fig.  2C). 

To  examine  the  localization  of  Forkhead  factors  in  living 
cells,  plasmids  encoding  green  fluorescent  protein  (GFP)- 
FKHR  fusion  proteins  were  introduced  into  cells  containing  or 
lacking  PTEN.  Here,  we  chose  to  use  FKHR  as  a  representa¬ 
tive  of  the  class  of  forkhead  transcription  factors  that  include 
FKHR,  FKHRL1,  and  AFX.  After  24  h,  the  localization  of 
GFP-FKHR  in  living  cells  was  determined  by  direct  visualiza¬ 
tion  using  fluorescence  microscopy.  In  cells  that  have  PTEN, 
GFP-FKHR  was  found  primarily  in  the  nucleus  (ACHN  cells) 
or  in  both  the  nucleus  and  cytoplasm  (U2-OS  cells).  In  con¬ 
trast,  GFP-FKHR  was  localized  exclusively  in  the  cytoplasm  in 
cells  lacking  PTEN  (786-0  and  LNCaP  cells)  (Fig.  2A).  These 
data  were  quantified  by  manual  counting  of  cells  (Fig.  2B).  In 
contrast,  a  FKHR  mutant  (FKHR;AAA)  lacking  the  three  Akt 
phosphoacceptor  sites  (T24A,  S256A,  and  S319A)  (66)  was 
found  primarily  in  the  nucleus  in  PTEN-null  cells  (Fig.  2A), 
These  data  suggest  that  in  PTEN-null  cells,  FKHR  is  mislo- 
calized  to  the  cytoplasm  due  to  persistent  activation  of  the 
PI3K  pathway  and  hence  persistent  FKHR  phosphorylation. 

PTEN  expression  relocalizes  GFP-FKHR  to  the  nucleus  in 
PTEN  null  cells.  To  determine  whether  reexpression  of  PTEN 
protein  could  effect  a  change  in  the  localization  of  GFP- 
FKHR,  plasmids  encoding  either  wild-type  or  mutant  PTEN 
derivatives  were  transfected  into  both  786-0  and  LNCaP  cells 
along  with  the  plasmid  encoding  GFP-FKHR.  In  greater  than 
90%  of  LNCaP  or  786-0  cells  cotransfected  with  PTEN;WT, 
GFP-FKHR  was  localized  to  the  nuclei  (Fig.  3A  to  C).  In 
contrast,  GFP-FKHR  remained  cytoplasmic  when  coproduced 
with  either  PTEN  mutant  (PTEN;G129R  or  PTEN;G129E) 
(Fig.  3A  to  C).  PTEN;G129E  retains  protein  but  not  lipid 
phosphatase  activity,  whereas  PTEN;G129R  lacks  both  these 
activities  (21,  43,  53).  Thus,  PTEN  protein  phosphatase  activity 
is  not  sufficient  for  the  induction  of  nuclear  localization  of 
GFP-FKHR.  PTEN;  1-353  is  a  truncated  form  of  PTEN  that 
retains  lipid  and  protein  phosphatase  activity  and  can  inhibit 
cell  cycle  progression  and  Akt  kinase  activity  comparably  to 
wild-type  PTEN  (Fig.  3 A  to  C)  (32,  70;  S.  Ramaswamy  and 
W.  R.  Sellers,  unpublished  data).  In  keeping  with  these  data, 
expression  of  PTEN;  1-353  led  to  the  nuclear  accumulation  of 
GFP-FKHR;WT.  Together,  these  data  suggest  that  FKHR  is 
aberrantly  localized  in  PTEN-null  cells  and  that  reconstitution 
of  PTEN  lipid  phosphatase  activity  is  sufficient  for  localizing 
FKHR  to  the  nucleus. 

FKHR  transcriptional  activity  is  defective  in  PTEN-null 
cells.  FKHR  can  activate  transcription  from  a  minimal  pro¬ 
moter  element  contained  within  the  IGFBP-1  promoter  (27, 
66).  Likewise,  FKHRL1  can  activate  transcription  from  a  se¬ 
quence  derived  from  the  FasL  promoter  (5).  The  localization 
data  obtained  using  GFP-FKHR  fusion  proteins  suggested  that 
FKHR  might  not  activate  transcription  in  a  PTEN-null  cell.  To 
test  this,  PTEN+/+  ACHN  and  U2-OS  cell  were  transfected 
with  a  luciferase  reporter  plasmid  containing  a  3XIRS  element 
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FIG.  2.  FKHR  is  mislocalized  in  PTEN-nuIl  cells.  (A)  Fluorescence  microscopy  of  GFP-FKHR  in  PTEN-plus  and  PTEN-nulI  cells.  The  indicated  cells  were 
transiently  transfected,  as  described  in  Materials  and  Methods,  with  a  plasmid  encoding  GFP-FKHR  or  GFP-FKHR;AAA.  At  24  h  after  transfection,  GFP-FKHR  was 
detected  by  fluorescence  microscopy  in  living  cells.  (B)  Quantification  of  the  results  obtained  with  GFP-FKHR  as  shown  in  panel  A.  The  percentage  of  cells  with  nuclear 
localization  of  GFP-FKHR  was  determined  by  manual  counting  of  GFP-positive  nuclei.  Data  shown  are  the  mean  and  standard  error  of  duplicate  experiments  and  are 
representative  of  two  independent  experiments.  (C)  Localization  of  FKHRL1  in  786-0  and  ACHN  cells.  786-0  and  ACHN  cells  were  fractionated  into  cytoplasmic 
and  nuclear  compartments  by  hypotonic  lysis  and  Dounce  homogenization.  Equivalent  cell  fractions  were  loaded  on  the  gel  and  immunoblotted  with  anti-FKHRLl, 
anti-p-tubulin,  and  anti-pRB  antibodies  as  indicated. 
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FIG.  2.  FKHR  is  mislocalized  in  PTEN-nuil  cells.  (A)  Fluorescence  microscopy  of  GFP-FKHR  in  PTEN-plus  and  PTEN-null  cells.  The  indicated  cells  were 
transiently  transfected,  as  described  in  Materials  and  Methods,  with  a  plasmid  encoding  GFP-FKHR  or  GFP-FKHR;AAA.  At  24  h  after  transfection,  GFP-FKHR  was 
detected  by  fluorescence  microscopy  in  living  cells.  (B)  Quantification  of  the  results  obtained  with  GFP-FKHR  as  shown  in  panel  A.  The  percentage  of  cells  with  nuclear 
localization  of  GFP-FKHR  was  determined  by  manual  counting  of  GFP-positive  nuclei.  Data  shown  are  the  mean  and  standard  error  of  duplicate  experiments  and  are 
representative  of  two  independent  experiments.  (C)  Localization  of  FKHRL1  in  786-0  and  ACHN  cells.  786-0  and  ACHN  cells  were  fractionated  into  cytoplasmic 
and  nuclear  compartments  by  hypotonic  lysis  and  Dounce  homogenization.  Equivalent  cell  fractions  were  loaded  on  the  gel  and  immunoblotted  with  anti-FKHRLl, 
anti-p-tubulin,  and  anti-pRB  antibodies  as  indicated. 


Vol.  20.  2000 


FKHR,  A  CRITICAL  DOWNSTREAM  EFFECTOR  OF  PTEN  FUNCTION  8973 


A 


vector 


PTEN;WT 


PTEN;G129R 


PTEN;G129E 


PTEN;  1-353 


786-0  LNCaP 

FKHR  FKHR  FKHR 
(WT)  (WT)  (H215R) 


FIG.  3.  Reconstitution  of  PTEN  relocalizes  GFP-FKHR  to  the  nucleus.  (A)  Cellular  localization  of  GFP-FKHR  in  786-0  and  LNCaP  cells.  786-0  cells  were 
transiently  transfected  with  pCDNA3-GFP-FKFIR  along  with  pSGSLor  pSG5L-PTEN  or  plasmids  encoding  the  indicated  mutant  derivatives.  Similarly,  LNCaP  cells 
were  transiently  cotransfected  with  pCDNA3-GFP-FKHR  or  GFP-FKHR;H215R  along  with  pSG5L  plasmid  encoding  the  indicated  PTEN  cDNAs.  At  24  h  after 
transfection.  GFP-FKHR  was  detected  by  fluorescence  microscopy  in  living  cells.  (B)  Quantitation  of  the  results  from  panel  A  (left).  The  percentage  of  cells  with 
nuclear  GFP-FKHR  was  determined  as  in  Fig.  2B.  The  mean  and  standard  error  for  experimental  duplicates  are  shown,  and  the  results  obtained  are  representative 
of  the  results  obtained  in  three  independent  experiments.  (C)  Quantification  of  the  results  from  panel  A  (middle).  Data  are  shown  as  in  panel  B.  (D)  Quantification 
of  the  results  from  panel  A  (right).  Data  are  shown  as  in  panel  B. 
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FIG.  4.  FKHR-dependent  transcriptional  activation  is  defective  in  PTEN-null  cells.  (A  and  B)  FKHR  transactivates  the  3XIRS  promoter  in  ACHN  and  U2-OS 
cells.  ACHN  (A)  and  U2-OS  (B)  cells  were  transiently  cotransfected  with  3xIRS-luciferase  reporter  plasmids  along  with  either  pCDNA3  vector  or  with  the  indicated 
amounts  of  pCDNA3-Flag-FKHR.  In  each  transfection,  a  constant  amount  of  pCMX-pGal  plasmid  was  included.  At  36  h  after  transfection,  luciferase  activity  was 
determined  as  described  in  Materials  and  Methods.  Fold  activation  was  calculated  by  normalizing  the  measured  light  units  by  the  measured  (3-galactosidase  activity  and 
then  normalizing  to  the  activity  of  the  3xIRS-promoter  luciferase  construct  when  transfected  with  vector  alone.  Data  shown  are  the  mean  and  standard  error  of 
independent  duplicate  experiments  and  are  representative  of  three  independent  experiments.  (C  and  D)  FKHR  fails  to  activate  transcription  in  786-0  and  LNCaP  cells. 
786-0  (C)  and  LNCaP  (D)  cells  were  transiently  cotransfected  with  a  3XIRS-Iuciferase  reporter  plasmid  and  either  vector  or  pCDNA3-Flag-FKHR  as  in  panels  A  and 
B.  Data  are  shown  as  for  panels  A  and  B. 


or  a  FasL  promoter  element,  along  with  a  plasmid  encoding 
Flag-tagged  FKHR.  In  these  cells,  FKHR  transfection  resulted 
in  a  dose-dependent  increase  in  transcription  (Fig.  4A  and  B 
and  data  not  shown).  In  these  cells,  FKHR;H215R,  harboring 
a  point  mutation  in  the  DNA-binding  domain,  had  no  effect 
(data  not  shown).  In  contrast  to  these  results,  transfection  of 
wild-type  FKHR  in  the  PTEN-null  786-0  and  LNCaP  cells  did 
not  activate  transcription  from  either  the  3XIRS  or  FasL  pro¬ 
moter  elements  (Fig.  4C  and  D  and  data  not  shown).  These 
data  demonstrate  that  the  ability  of  FKHR  to  activate  tran¬ 
scription  is  defective  in  PTEN-null  cells.  Note  that  neither 
reporter  used  in  these  experiments  was  capable  of  assaying 
endogenous  forkhead  activity.  Specifically,  in  the  absence  of 
exogenous  FKHR,  when  these  reporters  were  compared  to  the 
same  reporters  lacking  an  intact  Forkhead  DNA  binding,  there 
was  no  significant  difference  in  overall  transcriptional  activa¬ 
tion  (data  not  shown).  This  presumably  indicates  that  other 


elements  in  these  synthetic  promoters  contribute  to  the  rela¬ 
tively  high  level  of  basal  activity. 

While  wild-type  FKHR  failed  to  activate  transcription  in 
these  cells,  the  phosphorylation  site  mutant  FKHR;AAA  was 
capable  of  activating  transcription  in  the  PTEN-null  cells  (data 
not  shown).  We  next  asked  whether  PTEN,  as  an  antagonist  of 
PI3K/Akt  signaling,  could  rescue  FKHR  transcriptional  acti¬ 
vation.  To  this  end,  786-0  cells  were  cotransfected  with  the 
FasL  promoter-luciferase  reporter  plasmid  along  with  either 
empty  vector  or  wild-type  FKHR.  In  keeping  with  the  data  in 
Fig.  4,  wild-type  FKHR  did  not  activate  transcription  from  this 
promoter  (Fig.  5 A  and  B).  Likewise,  cotransfection  of  wild- 
type  FKHR  with  plasmids  encoding  the  PTEN  mutant  PTEN; 
G129R  or  PTEN;G129E  failed  to  activate  the  FasL  promoter 
(Fig.  5A).  In  contrast,  cotransfection  of  plasmids  encoding 
either  PTEN;WT  or  PTEN;l-353  rescued  transcriptional  ac¬ 
tivity  (Fig.  5A).  As  a  control,  production  of  PTEN;WT  along 
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FIG.  5.  Reconstitution  of  PTEN  restores  FKHR  transcriptional  activation.  (A  and  B)  Wild-type  PTEN  and  PTEN;  1-353  restore  transcriptional  activation  of  FKHR 
in  786-0  cells.  786-0  cells  were  transiently  cotransfected  with  either  the  FasL  promoter-luciferase  reporter  plasmid  (A)  or  the  3xIRS  promoter-luciferase  reporter 
plasmid  (B)  along  with  plasmids  encoding  the  indicate  proteins.  Data  are  shown  in  Fig.  4A.  (C  and  D)  Wild-type  PTEN,  but  not  PTEN;G129R,  rescues  dose-dependent 
FKHR  transactivation.  786-0  cells  were  cotransfected  with  either  the  FasL  promoter-luciferase  reporter  plasmid  (C)  or  the  3XIRS  promoter  luciferase  plasmid  (D) 
along  with  plasmids  encoding  the  indicated  proteins.  Data  are  shown  as  for  Fig.  4A. 


with  the  DNA-binding-defective  mutant  FKHR;H215R  had  no 
effect  on  transcription  (Fig.  5A)  even  though  PTEN  relocalizes 
the  GFP-FKHR;H215R  mutant  efficiently  to  the  nucleus  (Fig. 
3A  and  D).  To  ask  whether  these  observations  held  with  other 
FKHR  responsive  reporters,  we  performed  similar  experi¬ 
ments  using  the  3XlRS-luciferase  reporter  plasmid  (Fig.  5B 
and  D).  Here,  FKHR  again  was  incapable  of  activating  tran¬ 
scription  when  overexpressed.  Cotransfection  of  FKHR  along 
with  either  PTEN;WT  or  PTEN;  1-353  restored  FKHR-depen- 
dent  activation,  while  cotransfection  with  PTEN;G129R  and 
PTEN;G129E  did  not.  Finally,  PTEN  restored  the  dose-de¬ 
pendent  transcriptional  activity  of  FKHR;WT  when  measured 
on  both  the  FasL  promoter  and  the  3XIRS  promoter,  while 
PTEN;G129R  had  no  effect  at  the  highest  doses  of  FKHR 
tested  (Fig.  5C  and  D).  Taken  together,  the  above  data  suggest 
that  PTEN  allows  for  appropriate  localization  of  FKHR  and 
for  appropriate  transcriptional  function. 


Activated  FKHR  induces  cell  death  in  LNCaP  cells.  Certain 
PTEN-null  cells,  such  as  PTEN~/_  mouse  embryo  fibroblasts 
are  resistant  to  apoptotic  stimuli  (62),  and  PTEN  reconstitu¬ 
tion  to  or  treatment  with  PI3K  inhibitors  of  certain  PTEN-null 
tumor  cells  (e.g.,  UMG-251  or  LNCaP  cells)  results  in  the 
induction  of  cell  death  that  is,  at  least  in  part,  mediated 
through  apoptosis  (9,  14,  15,  35).  Likewise,  FKHRL1  and 
FKHR  can  both  induce  apoptosis  (5,  66).  Thus,  we  next  asked 
whether  FKHR  or  the  FKHR;AAA  mutant  could  induce  cell 
death  in  PTEN-null  LNCaP  or  786-0  cells.  To  test  this,  PTEN- 
null  786-0  or  LNCaP  cells  were  incubated  with  culture  super¬ 
natants  containing  amphotrophic  retroviruses  encoding  PTEN; 
WT,  PTEN;G129R,  FKHR;WT,  and  FKHR;AAA  and  were 
then  selected  with  puromycin.  In  keeping  with  previously  re¬ 
ported  results  (14,  43),  PTEN  induced  cell  death  in  LNCaP 
cells  and  completely  suppressed  the  emergence  of  puromycin- 
resistant  cells  (Fig.  6A  and  C).  On  the  other  hand,  infection 
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FIG.  6.  FKHR  induces  cell  death  in  PTEN-null  LNCaP  cells  but  not  PTEN-null  786-0  cells.  (A)  786-0  and  LNCaP  cells  were  infected  with  retroviruses  directing 
the  expression  of  the  indicated  proteins.  Infected  cells  were  then  grown  in  the  presence  of  puromycin,  and  viable  cells  were  photographed  by  light  microscopy  after 
4  days  of  selection.  Magnification,  X95.  (B)  Protein  expression  in  puromycin-resistant  populations  of  786-0  cells.  Whole-cell  extracts  were  prepared  from  puromycin- 
resistant  786-0  cells  infected  as  in  panel  A  and  immunoblotted  with  either  anti-PTEN  or  anti-HA  antibodies.  (C  and  D)  MTS  assays  were  performed,  as  described  in 
Materials  and  Methods,  to  quantify  the  results  shown  in  panel  A.  To  normalize  the  results  between  the  two  cell  lines,  cell  viability  is  expressed  as  a  percentage  of  the 
vector  controls.  The  data  shown  are  the  mean  and  standard  error  of  independent  duplicates  and  are  representative  of  two  independent  infections. 


Vol.  20,  2000 


FKHR,  A  CRITICAL  DOWNSTREAM  EFFECTOR  OF  PTEN  FUNCTION  8977 


with  retroviruses  producing  PTEN;G129R  had  no  effect  on  cell 
viability.  Cells  infected  with  FKHR;WT  were  more  prone  to 
cell  death  than  were  vector-infected  controls;  however,  puro- 
mycin-resistant  populations  expressing  FKHR;WT  were  ob¬ 
tained  (data  not  shown).  In  comparison,  infection  with  retro¬ 
viruses  producing  FKHR;AAA,  like  PTEN,  led  to  marked 
suppression  of  cell  viability  and  completely  suppressed  the 
emergence  of  puromycin-resistant  clones.  Thus,  the  activated 
form  of  FKHR  complemented  PTEN  deficiency  in  these  cells. 

In  contrast  to  the  results  obtained  with  LNCaP  cells,  retro¬ 
viral  transduction  of  PTEN  into  786-0  cells  did  not  induce  cell 
death  (Fig.  6A,  B,  and  D).  786-0  cultures  were  likewise  in¬ 
fected  with  viruses  leading  to  the  production  of  FKHR  or 
FKHR; AAA.  Here,  surprisingly,  FKHR  and  FKHR;AAA  had 
little  overall  effect  on  cell  viability  (Fig.  6 A  and  D).  Further¬ 
more,  puromycin-resistant  polyclonal  lines  expressing  these 
proteins  were  derived  (Fig.  6B).  Thus,  activated  FKHR  can 
induce  apoptosis  in  a  cell  line  in  which  PTEN  induces  apopto¬ 
sis  but  does  not  induce  apoptosis  in  a  cell  line  immune  to 
PTEN-induced  apoptosis. 

FKHR  induces  a  cell  cycle  block  in  PTEN-null  cells.  In 

U87-MG  and  768-0  cells,  reintroduction  of  PTEN  by  adeno¬ 
virus  infection  or  transient  transfection  induces  a  cell  cycle 
arrest  in  Gj  rather  than  inducing  apoptosis  (21,  35,  53).  One 
possibility,  among  many,  for  the  lack  of  apoptosis  in  these  cells 
is  that  additional  genetic  alterations  in  these  cells  render 
PTEN  incapable  of  inducing  apoptosis.  If  FKHR  is  a  critical 
downstream  activator  of  apoptosis  in  these  cells,  perhaps  this 
putative  defect  is  a  defect  in  FKHR  function.  If  so,  this  might 
account  for  the  lack  of  effect  of  the  FKHR;  AAA  mutant  in  the 
cell  death  assay  performed  with  786-0  cells  (Fig.  6A).  Alter¬ 
natively,  FKHR  or  other  Forkhead  factors  might  function  in 
both  the  apoptotic  and  cell  cycle  function  of  the  PI3K/PTEN/ 
Akt  pathway.  To  test  this  hypothesis,  a  transient  cell  cycle  assay 
was  used.  786-0  cells  were  transiently  transfected  with  a  plas¬ 
mid  encoding  the  cell  surface  marker  CD19  along  with  plas¬ 
mids  encoding  PTEN;WT  or  PTEN;G129R.  PTEN;WT,  but 
not  PTEN;G129R,  induced  a  modest  cell  cycle  block.  While 
FKHR;WT  had  a  minimal  effect  on  the  Gx  population,  FKHR; 
AAA  induced  a  robust  Gx  arrest  (Fig.  7A)  but  FKHR;H215R 
did  not.  Thus,  activated  FKHR  can  complement  the  loss  of 
PTEN  in  786-0  cells.  We  next  asked  whether  PTEN  could 
“rescue”  the  apparent  defect  in  FKHR;WT-mediated  cell  cycle 
arrest.  In  keeping  with  the  ability  of  PTEN  to  relocalize  FKHR 
and  to  restore  transcriptional  activation,  cotransfection  of 
PTEN;WT  along  with  FKHR;WT  led  to  an  increase  in  the  Gj 
population  comparable  to  that  induced  by  the  FKHR;AAA 
mutant  (Fig.  7B).  These  data  suggest  that  restoration  of  func¬ 
tional  FKHR  to  these  cells,  by  cotransfection  of  PTEN  or  by 
rendering  FKHR  immune  to  Akt  phosphorylation,  is  sufficient 
to  arrest  PTEN-null  cells  in  Gj. 

Loss  of  PTEN  in  cells  leads  to  a  reduction  in  p27  protein 
levels  (33,  64).  Thus,  to  begin  to  characterize  the  Gx  arrest 
induced  by  FKHR;AAA,  we  first  examined  p27  protein  levels. 
To  do  this,  786-0  cells  were  transiently  transfected  with  a 
plasmid  encoding  the  cell  surface  marker  CD  19  along  with  the 
vector  plasmid  or  with  plasmids  encoding  PTEN;WT,  FKHR; 
WT,  or  FKHR; AAA.  The  CD19+  and  hence  transfected  cells 
were  collected  on  anti-CD  19-coated  magnetic  beads.  Protein 
extracts  were  prepared  and  immunoblotted  with  an  antiserum 
specific  for  p27.  Here,  wild-type  PTEN  and  constitutively  ac¬ 
tive  FKHR;AAA  both  induced  p27  protein  (Fig.  7C).  In  this 
cell  line,  immunoblots  for  p27  consistently  showed  a  doublet 
that  is  recognized  by  multiple  independent  anti-p27  antisera 
(data  not  shown).  Anti-GAPDH  immunoblotting  served  to 
confirm  equivalent  protein  loading.  In  addition,  while  PTEN 


induced  a  modest  increase  in  p27  levels,  wild-type  FKHR  co¬ 
transfected  along  with  wild-type  PTEN  induced  p27  levels 
comparably  to  those  induced  by  FKHR;AAA  (Fig.  7C).  These 
data  were  confirmed  and  extended  using  retroviral  delivery  of 
Fkhr;AAA  to  786-0  cells  and  adenovirus  delivery  of  FKHR; 
AAA  (Fig.  8).  While  p27  was  again  induced  by  FKHR; AAA, 
p21  was  not  (Fig.  7D).  These  data  suggest  that  p27  is  a  specific 
downstream  target  of  FKHR.  Finally,  infection  of  786-0  but 
not  LNCaP  cells  with  adenovirus  directing  the  expression  of 
FKHR;AAA  (Ad-FKHR;AAA)  induced  p27  protein. 

While  our  data  and  the  genetic  evidence  in  Caenorhabditis 
elegans  suggest  that  Forkhead  factors  are  critical  downstream 
targets  of  PTEN,  it  is  possible  that  our  results  reflect  not  a 
downstream  effect  of  FKHR  but,  rather,  a  negative  regulation 
of  Akt  by  FKHR,  perhaps  through  feedback  inhibition.  To  ask 
whether  such  a  mechanism  might  account  for  the  actions  of 
FKHR  in  these  cells,  we  examined  the  state  of  phosphorylation 
and  hence  activation  of  Akt.  The  immunoblots  described 
above  were  stripped  and  reprobed  with  an  antiserum  spe¬ 
cific  to  the  serine  473  phosphorylation  on  Akt.  Here,  in  keep¬ 
ing  with  previously  published  data,  production  of  wild-type 
PTEN  led  to  an  ablation  of  phospho-Akt  (data  not  shown), 
whereas  FKHR;AAA  production  was  associated  with  a  modest 
increase  in  the  level  of  phosphorylated  Akt  while  the  total  level 
of  Akt  remained  unchanged  (Fig.  7C  and  data  not  shown). 
These  data  suggest  that  feedback  inhibition  of  Akt  is  not  the 
mechanism  by  which  FKHR  promotes  either  apoptosis  or  a  G1 
arrest. 

FKHR;AAA  induces  p27  mRNA  and  prolongs  the  p27  pro¬ 
tein  half-life.  To  begin  to  address  the  mechanism  through 
which  FKHR  regulates  p27,  p27  mRNA  levels  were  deter¬ 
mined  in  786-0  cells  following  adenovirus  infection  with  Ad- 
FKHR;AAA.  At  24  h,  cells  infected  with  Ad-FKHR;AAA 
demonstrated  a  modest  (1.3-  to  1.5-fold)  induction  of  the 
p27  mRNA  compared  to  that  in  cells  infected  with  Ad-vector 
(Fig.  8B).  Consistent  with  these  results,  we  have  found  that 
Ad-PTEN  induces  a  1.8-fold  induction  in  p27  mRNA  (S.  Ra- 
maswamy,  S.  Signoretti,  M.  Loda  and  W.  R.  Sellers,  unpub¬ 
lished  data).  Next,  786-0  cells  were  again  infected  with  Ad- 
vector  or  Ad-FKHR;AAA.  At  24  h  after  infection,  the  cells 
were  treated  continuously  with  cycloheximide  (25  |xg/ml).  At 
specific  time  points,  the  p27  protein  level  was  determined  by 
immunoblotting  in  both  the  Ad-vector-  and  Ad-FKHR;AAA- 
infected  cells.  Here,  we  found  that  the  protein  half-life  was 
increased  from  123  to  329  min  in  the  Ad-FKHR;AAA  infec¬ 
tion.  Thus,  FKHR;AAA  induces  a  modest  change  in  the  p27 
mRNA  level  and  a  significant  increase  in  the  p27  protein 
half-life. 

DISCUSSION 

Our  data  show  that  localization  and  transcriptional  activity 
of  FKHR  is  aberrant  in  PTEN-null  cells.  Reconstitution  of 
wild-type  PTEN,  but  not  lipid  phosphatase-inactive  mutants, 
restores  both  localization  and  transcriptional  activation  of 
FKHR  in  these  cells.  While  wild-type  FKHR  is  relatively 
inactive  in  PTEN  null  cells,  a  phosphosite  mutant  of  FKHR 
(FKHR;  AAA)  that  is  no  longer  phosphorylated  by  Akt  can  still 
localize  to  the  nucleus  and  activate  transcription  in  such  cells. 
This  mutant  induces  death  in  a  cell  line  susceptible  to  PTEN- 
mediated  cell  death.  Surprisingly,  it  does  not  induce  apoptosis 
but,  rather,  induces  a  Ga  arrest  in  cells  that  likewise  arrest  with 
wild-type  PTEN.  Together,  the  data  derived  from  the  cell 
death  assays  and  the  cell  cycle  arrest  assays  support  the  notion 
that  an  intact  and  active  FKHR  protein  is  capable  of  carrying 
out  PTEN  function  in  its  absence.  That  is,  activated  FKHR 


8978 


NAKAMURA  ET  AL. 


Mol.  Cell.  Biol. 


FIG.  7.  FKHR  induces  a  Gj  arrest  in  PTEN-nulI  786-0  cells.  (A)  FKHR;AAA  induces  a  Gj  arrest  in  PTEN-null  786-0  cells.  786-0  cells  were  transiently  transfected 
with  pCD19  and  plasmids  directing  the  expression  of  the  indicated  proteins.  At  48  h  after  transfection,  the  cell  cycle  distribution  of  the  transfected  cells  was  determined 
by  combined  fluorescein  isothiocyanate-conjugated  anti-CD19  and  propidium  iodide  staining.  The  data  shown  are  the  mean  and  standard  error  of  replicates  and  are 
representative  of  two  independent  experiments.  (B)  PTEN  cooperates  with  FKHR  to  induce  a  cell  cycle  arrest.  786-0  cells  were  transfected  with  pCD19  and  plasmids 
directing  the  expression  of  the  indicated  proteins.  The  data  shown  are  as  in  panel  A.  (C)  PTEN  and  FKHR;AAA  induce  p27  in  786-0  cells.  786-0  cells  were  transiently 
transfected  with  a  plasmid  encoding  the  cell  surface  marker  CD19,  along  with  either  vector  plasmid,  or  plasmids  encoding  the  indicated  proteins.  At  36  h  after 
transfection,  cells  were  harvested  by  trypsinization  and  collected  on  anti-CD19-coated  magnetic  beads.  A  75-fjig  portion  of  whole-cell  extracts,  derived  from  the  isolated 
cells,  was  separated  by  gel  electrophoresis  and  immunoblotted  with  the  indicated  antibody  reagents.  (D)  FKHR;AAA  induces  p27  but  does  not  induce  p21.  786-0  cells 
were  infected  with  retroviruses  encoding  the  indicated  proteins  and  selected  with  puromycin.  Following  selection,  protein  extracts  were  prepared  and  immunoblotted 
with  the  indicated  antibody  reagents. 


complements  the  loss  of  PTEN  in  two  different  functional 
assays.  These  data  support  the  idea  that  FKHR  is  sufficient  for 
PTEN  function  in  cells.  Finally,  previous  data  have  shown  that 
PTEN-null  cells  have  low  levels  of  p27  and  that  reintroduction 
of  PTEN  up  regulates  p27  levels  (33,  64).  We  find  that  FKHR; 
AAA  dramatically  induces  p27  levels  in  PTEN-null  cells.  These 
data  suggest  that  the  finding  of  aberrant  p27  levels  in  the 
absence  of  PTEN  might  arise  as  a  consequence  of  the  lack  of 
FKHR  function  in  such  cells.  In  keeping  with  these  data, 
Medema  et  al.  recently  reported  similar  data  which  demon¬ 
strated  a  role  for  Forkhead  factors  as  regulators  of  cell  cycle 


progression  and,  using  defined  genetic  cells,  showed  that  such 
regulation  does  indeed  depend  on  the  induction  of  p27  (40). 

The  PI3K/Akt  pathway  is  a  well-known  oncogenic  signaling 
pathway  (75).  Cell  survival  and  cell  proliferation  have  been 
linked  to  this  pathway  in  multiple  systems.  For  example,  inter- 
leukin-3-dependent  cell  lines  require  Akt  for  survival,  as  do 
cells  in  which  anoikis  is  blocked  by  Ras  activation  (17,  29,  61). 
On  the  other  hand,  expression  of  activated  PI3K  in  the  absence 
of  serum  can  induce  DNA  synthesis  (30).  Furthermore,  PTEN 
is  capable  of  inducing  apoptosis  or  a  cell  cycle  arrest,  and  loss 
of  PTEN  in  primary  cells  leads  to  either  excessive  proliferation 
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FIG.  8.  FKHR;AAA  induces  p27  mRNA  and  prolongs  the  half-life  of  p27  protein.  (A)  FKHR;AAA  induces  p27  in  786-0  cells  but  not  in  LNCaP  cells.  786-0  and 
LNCaP  cells  were  infected  with  either  Ad-vector  or  Ad-FKHR;AAA  as  indicated.  At  36  h  after  infection,  protein  extracts  were  prepared  and  immunoblotted  with  the 
indicated  antibody  reagents.  (B)  FKHR;AAA  induces  p27  mRNA  in  786-0  cells.  786-0  cells  were  infected  with  Ad-vector  or  Ad-FKHR;AAA  as  indicated.  At  24  h 
after  infection,  the  cells  were  harvested,  mRNA  was  collected  and  protein  extracts  were  prepared  from  duplicate  plates.  p27  mRNA  was  measured  by  real-time 
quantitative  PCR  using  an  ABI  Prism  7700  sequence  detector  as  described  in  Materials  and  Methods.  Each  sample  was  assayed  in  triplicate  for  both  p27  mRNA  and 
GAPDH  mRNA.  Fold  induction  of  mRNA  indicates  the  p27/GAPDH  ratio  of  each  sample  normalized  to  the  ratio  obtained  with  Ad-vector.  The  data  obtained  from 
two  independent  infections  performed  on  different  days  are  shown.  (C)  FKHR;AAA  prolongs  the  half-life  of  the  p27  protein.  786-0  cells  were  infected  with  Ad-vector 
or  Ad-FKHR;AAA  as  for  panel  B.  At  24  h  after  infection,  cycloheximide  was  added  to  a  final  concentration  of  25  jig/ml.  The  cycloheximide  was  present  for  the  entire 
course  of  the  experiment.  Protein  extracts  were  prepared  at  the  indicated  time  points  and  immunoblotted  with  the  indicated  antibody  reagents.  (D)  Calculation  of  the 
half-life  of  the  p27  protein.  Multiple  radiographic  exposures  of  the  products  of  the  experiment  in  panel  C  were  obtained  (data  not  shown).  Quantitation  of  the  p27  signal 
intensity  was  obtained  from  exposures  in  which  the  signal  was  nonsaturating  for  the  entire  time  course.  Signal  intensities  were  normalized  to  the  signal  intensity  obtained 
at  time  zero.  The  percent  signal  remaining  was  plotted  on  a  log-linear  plot,  and  an  exponential  curve  fit  was  applied.  The  calculated  half-life  is  shown.  These  results 
are  representative  of  two  independent  experiments. 


or  defects  in  apoptosis.  In  mammalian  cell-based  assays,  a 
diverse  group  of  substrates  have  been  linked  to  Akt  activation. 
In  C.  elegans ,  on  the  other  hand,  the  insulin/PI3K/Akt  signaling 
pathway  that  regulates  aging,  while  conserved  with  mammalian 
cells,  has  thus  far  yielded  only  the  Forkhead  homologue  daf-16 
as  a  downstream  target  (46).  It  is  possible  that  the  deregulated 
activity  of  multiple  Akt  substrates  contributes  to  the  neoplastic 
properties  inherent  to  a  PTEN-null  tumor  cell  and  that  certain 
substrates  might  individually  contribute  to  the  regulation  of 
apoptosis  and  cell  proliferation.  Our  data,  however,  support 
the  notion  that  the  pathway  linking  PI3K  and  PTEN  to  trans¬ 
formation  of  mammalian  cells  is  essentially  identical  to  the 
pathway  regulating  aging  in  C.  elegans.  This  pathway  is  com¬ 
prised  of  a  receptor  tyrosine  kinase  such  as  IGF-IR  (< daf-2 ), 
PI3K  (agel),  Akt-1  ( aktl )  and  Akt-2  (< akt2 ),  PDK-1  (pdkl ), 


PTEN  (daf-18),  and  the  dafl6  homologues  (FKHR,  FKHRL1, 
and  AFX)  (23,  25,  42,  46,  47,  49,  50,  55). 

It  is  interesting  that  elements  of  this  pathway  that  are  linked 
genetically  in  C.  elegans  are  the  same  elements  of  the  pathway 
that  have  been  associated  with  genetic  alterations  in  human 
tumors.  The  PI3KCA  gene  is  amplified  in  ovarian  cancer  and 
is  also  found  as  a  retroviral  oncogene  (1,  59).  Akt-1  and  Akt-2 
are  amplified  in  a  limited  number  of  tumors,  and  Akt-1  is  the 
cellular  homologue  of  v-Akt  (2,  3,  11,  56).  Finally,  PTEN  is 
widely  mutated  in  cancer,  and  FKHR  has  been  the  target  of 
translocation  in  rhabdomyosarcoma.  Interestingly,  in  this  tu¬ 
mor,  two  different  translocations  give  rise  to  the  fusion  pro¬ 
teins  PAX3-FKHR  or  PAX7-FKHR  (16,  22,  58).  Our  data 
support  the  notion  that  FKHR  could  act  as  a  tumor  suppres¬ 
sor;  thus,  one  untested  possibility  is  that  these  translocations 
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might  produce  chimeric  proteins  that  could  act  in  a  dominant 
negative  manner  to  inactivate  FKHR  function. 

The  notion  that  a  transcription  factor  might  induce  a  Gx 
arrest  or  induce  cell  death  is  not  new.  Indeed,  this  is  precisely 
the  case  for  p53.  The  parallels  between  these  pathways  are 
striking.  p53  receives  signals  that  reflect  the  state  of  the  ge¬ 
nome  (DNA  damage)  at  least  in  part  from  a  PI3K  family 
member,  ATM.  This  signal  may  be  transmitted  through  phos¬ 
phorylation  of  p53.  p53  can  then  enact  a  G1  arrest  through 
transcriptional  regulation  of  p21.  p53  induces  apoptotic  cell 
death  through  both  transcription-dependent  and  -independent 
mechanisms.  FKHR,  on  the  other  hand,  receives  signals  pri¬ 
marily  from  the  environment  external  to  the  cell.  These  signals 
are  transmitted  through  a  type  I  PI3K  and  result  in  the  phos¬ 
phorylation  of  FKHR  and  its  subsequent  inactivation.  In  its 
active  state  FKHR,  can  promote  a  Gl  arrest  through  the  in¬ 
duction  of  p27  and  can  induce  apoptosis  perhaps  through  reg¬ 
ulation  of  Fas  signaling  or  through  regulation  of  FasL  itself. 

How  does  FKHR  regulate  p27?  p27  is  primarily  regulated 
posttranscriptionally,  both  through  ubiquitin-mediated  prote¬ 
olysis  and  through  translation  controls.  There  is  limited  infor¬ 
mation  to  suggest  that  transcriptional  regulation  of  p27  is  im¬ 
portant.  Furthermore,  PTEN  did  not  alter  p27  mRNA  levels 
(33).  On  the  other  hand,  Medema  et  al.  (40)  have  demon¬ 
strated  activation  of  the  p27  promoter  by  AFX,  and  we  have 
shown  that  both  wild-type  PTEN  and  wild-type  FKHR,  but  not 
mutant  controls,  were  capable  of  inducing  activation  of  the  p27 
promoter  (data  not  shown).  In  addition,  Medema  et  al.  re¬ 
ported  a  modest  induction  in  p27  mRNA  levels  (40).  We  have 
also  seen  a  modest  (1.3-  to  1.5-fold  induction  in  mRNA  upon 
adenovirus  expression  of  FKHR;  AAA  (Fig.  8B)  and  upon  ad¬ 
enovirus  expression  of  PTEN.  In  addition,  however,  the  half- 
life  of  p27  protein  is  significantly  prolonged.  Here,  it  is  possible 
that  a  modest  increase  in  p27  levels  induced  through  transcrip¬ 
tion  might  lead  to  inhibition  of  cyclin-dependent  kinase  activity 
followed  by  a  decrease  in  p27  phosphorylation  and  then  a 
change  in  the  half-life  of  p27  protein.  Since  this  process  in¬ 
volves  a  catalytic  mechanism,  a  small  change  in  p27  mRNA 
levels  could  lead  to  a  large  difference  in  protein  half-life.  For 
example,  an  increase  in  the  transcription  of  p27  could  alter  the 
balance  between  the  two  proposed  complexes  of  p27  and  cyclin 
E-cdk2,  one  inhibitory  and  one  in  which  p27  is  degraded  (60, 
72).  Alternatively,  it  is  possible  that  FKHR;AAA  directly  alters 
or  regulates  components  of  the  p27  degradation  apparatus. 
Specifically,  it  will  be  of  interest  to  know  whether  Forkhead 
factors  can  alter  the  levels  of  any  of  the  components  of  the 
Skp-Cul-F  box  (SCF)  complex. 

The  mechanism  that  underlies  FKHR  induction  of  apoptosis 
is  likewise  not  yet  clear.  FKHRL1  can  regulate  the  FasL  pro¬ 
moter,  suggesting  that  these  transcription  factors  might  di¬ 
rectly  regulate  the  levels  of  this  death  effector  (5).  In  keeping 
with  this  notion,  PTEN+/~  mice  develop  an  autoimmune  lym¬ 
phoid  hyperplasia  syndrome  that  phenocopies  mutations  in  the 
murine  Fas  gene  (18,  74).  On  the  other  hand,  cells  from  the 
PTEN+/~  animals  did  not  demonstrate  defects  in  FasL  or  Fas 
but,  rather,  were  defective  in  the  apoptotic  response  to  Fas 
(18).  In  either  case,  it  would  appear  that  PTEN-mediated  and, 
by  extension,  FKHR-mediated  apoptosis  probably  involves  the 
Fas  pathway. 

Finally,  our  data  support  the  notion  that,  as  is  the  case  in  C. 
elegans,  signaling  pathways  might  be  more  linear,  at  least  with 
respect  to  transformation,  than  is  commonly  suspected.  This 
would  lead  one  to  further  suspect  that  PTEN-null  cells  might 
be  particularly  sensitive  to  inhibitors  directed  against  members 
of  this  pathway;  if  true,  such  dependence  would  bode  well  for 


the  future  success  of  therapeutics  aimed  at  intervening  in  PI3K 
signaling. 
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